Figure 6.2 n-Alkanes distribution and their 3D and 8'"°C values across studied plant

leaves.
Note: all the 8D and 8'"°C values are concentration weighted average of odd n-alkanes (n-

Czl to n-C35).
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6.4.2 Roots (below ground) n-alkanes abundance and distribution pattern

Wetland plants can develop shallow but flourishing root systems such as rootlets
(Rydin and Jeglum, 2006), which can compete with leaf litter fall for the flux of plant
carbon to soils (Fahey et al., 2005). In other words, roots can potentially represent a
significant source of lipids to wetland soils/sediments. In order to assess differences in
the n-alkane distributions between above and belowground biomass, roots from cattails,
sawgrass, spikerush and water lily samples were analysed and compared to the
corresponding aboveground biomass (Table 6.3). Quantitatively, Typha domingensis
leaves contained significantly higher (student T test, two tailed, p < 0.05) amounts of n-
alkanes than their root counterparts (Fig. 6.3). However, no significant n-alkane
concentration difference was observed between leaves and roots for Typha latifolia, and
Nymphaeaceae. Interestingly, Eleocharis cellulosa root produce higher amounts of n-
alkanes than its leaves (Table 6.3 and Fig. 6.3). Similar results have been reported by
Huang et al (2011), where roots of M. trifoliate and C. dimorpholepis contained more n-
alkanes than their leaves. Pag and ACL values range from 0.13 to 0.96, 25.5 to 28.3,
respectively, across all roots surveyed (Table 6.3 and Fig. 6.3). Most plant roots, such as
Typha latifolia, Typha domingensis and Eleocharis cellulose, had significantly higher
Pag values compared to their leaves counterparts (Fig. 6.3). The Pag values of other plant
species (Cladium jamaicense and Nymphaeaceae) seemed also higher in roots than leaves,
but these differences were found to be not statistically significant. The observed Pag

differences between above- and below-ground biomass may result from the fact that
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compared to roots, leaves are more subject to evapotranspiration and cuticles may
produce more longer chain n-alkanes (7-C,9 and n-Cs) to form a epicuticular barrier in
order to reduce the loss of water (e.g., Eglinton and Hamilton, 1967; Hauke and Scheriber,
1998). These preliminary results, even just by a paucity of root data, suggest that
attention should be paid to root-derived OM when interpreting lipid signals from wetland
soil. Moreover, Rasse et al. (2005) hypothesized that plant roots could make significant
contributions to soil OM (SOM), and Bull et al. (2000) suggested that the predominant
source of aliphatic acids in the temperate grassland soil was root material.

While the data show that root derived OM should be considered when paleo-
reconstruction is performed in wetland soils, unique biomarkes to diffrenciate OM from
root and leaves in the Everglades wetland plants (e.g., Chapter IV) have not been
identified. Although kauranes were reported to be significantly more abundant in
Cladium root than its leaves (Saunders et al., 2006), no direct evidence was found to
support that kaurene is generated directly from Cladium root. Thus, the difficulty in
distinguish between leaf and root derived OM in soils remains a challenge when applying

biomarkers and stable isotopes in paleoenvironmental assessments of wetland soils.
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Table 6.3 n-Alkane concentrations and distributions across studied plant roots of the Everglades freshwater wetland.

Species (Roots) 2101::11135 n(SD) Pag n(SD) ACL n(SD) 8"°C  n(SD) 3D n (SD)
(ug/gdw)

Typha latifolia 39.3 3(26.1) 059 3(0.14) 272 3(0.4) -32.9 3(45) -1416  3(7.8)
Typha latifolia 1 55.6 0.43 27.6 -29.7 -145.7
Typha latifolia 2 53.2 0.62 27.2 -36.1 -132.5
Typha latifolia 3 9.2 0.71 26.9 -33.1 -146.5

Typha domingensis 6.7 4(3.7) 046 4(0.10) 275 4(0.3) -32.7 4(0.6) -1262 4(3.6)
Typha domingensis 1 73 0.48 27.7 -334 -130.1
Typha domingensis 2 2.1 0.32 27.8 -32.9 -125.7
Typha domingensis 3 11.0 0.53 27.2 -32.5 -127.4
Typha domingensis 4 6.3 0.52 274 -32.0 -121.4

Cladium jamaicense 123 6(929) 036 6(0.12) 275 6(0.3) -31.1 6(1.7) -208.8 6(16.1)
Cladium jamaicense 1 110.5 0.24 27.7 -32.6 -202.8
Cladium jamaicense 2 95.7 0.46 27.1 -32.7 -196.5
Cladium jamaicense 3 195.3 0.51 27.0 -32.0 -214.7
Cladium jamaicense 4 267.8 0.24 27.7 -31.3 -227.0
Cladium jamaicense 5 21.4 0.19 27.8 -28.6 -203.7
Cladium jamaicense 6 47.0 0.44 27.5 -29.5 -206.9

Eleocharis cellulosa 160.1 4(91.6) 094 4(0.01) 257 4(0.1) -33.0 4(1.9) -140.6 4(10.3)
Eleocharis cellulosa 1 60.9 0.96 25.6 -30.6 -138.1
Eleocharis cellulosa 2 251.3 0.94 25.7 -35.1 -132.8
Eleocharis cellulosa 3 105 0.94 25.7 -33.6 -150.8
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Eleocharis cellulosa 4 223.2 0.95 25.7 -32.6 -126.4
Nymphaeaceae 78.5 6(66.6) 0.76 6(0.15) 269 6(0.5) -30.6 5(1.27) -130.6 3 (11.1)

Nymphaeaceae 1 38.7 0.56 27.2 -32.5 -135.4
Nymphaeaceae 2 82.2 0.61 27.3 -29.9 -138.6
Nymphaeaceae 3 28.3 0.77 26.8 -30.5 -117.9
Nymphaeaceae 4 459 0.88 26.4 -29.2 N.A.
Nymphaeaceae 5 127.7 0.94 26.3 -30.9 N.A.
Nymphaeaceae 6 147.9 0.82 27.3 N.A. N.A.
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Figure 6.3 n-Alkane distribution and the average 8D and §'"°C values between leaf and
root among typical Everglades wetland plants.
6.4.3 Compound-specific stable carbon and hydrogen isotopic compositions-
Aboveground biomass

Determining the 6D values of n-alkanes in typical plants from the Everglades will
provide basic background information for future organic geochemical applications.
Considering that significant quantitative and qualitative differences in the n-alkane
distribution were observed, concentration-weighted average leaf-wax isotope values
(613 C and oD for odd n-alkanes from n-C;; to n-Css, when available) were reported here
(Chikaraishi and Naraoka, 2003). No successful 8D measurements were obtained for n-
alkanes of Taxodium distichum, Pinus elliottii and Halophila decipiens due to excessively
low n-alkane concentrations. Detailed average 8D and 8" °C values for each plant are

shown in Appendix 6.1. The isotopic values from different plant types sampled across the
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Everglades tree island/wetland/estuary differ significantly (, where compound-specific
8"°C values ranged from -38.8 to -24.2%o and from -16.7 to -14.2%o among studied C3
and C4-type (seagrass) plant leaves, respectively. 6D values ranged from -231.1 to -77.7%o
among all studied plant leaves. These ranges generally agreed with other studies from
modern plants from other parts of the world (Chikaraishi and Noraoka, 2003; Hou et al.,
2006; Liu et al., 20006).

n-Alkanes from terrestrial woody and shrub plants had significantly (student T
test, two tailed, P = 0.03) more enriched average 6D values (averaged as -91.2%o on the
basis of 9 species; 19 separate samples; SD = 8.0%0) compared to wetland emergent,
floating and submerged plants (averaged as -135.7%o; on the basis of 8 species; 51
separate samples; SD = 39.2%). Several factors can lead to variability between terrestrial
trees and wetland macrophytes. It has been reported that terrestrial trees may absorb
much deeper soil water because of its root system than macrophytes, where deeper soil
water is more 0D depleted compared with the shallow or surface soil water (Barnes and
Turner, 1998). However, other factor than water source difference can be controlling the
oD values in this dataset. For example, the relative humidity is expected to be lower for
the tree island plants compared to the wetland plants. Therefore, a higher degree of
evapotranspiration, because of much “drier” micro-environment for the tree island
vegetation as a result of wind and direct sunlight, could be a major factor causing higher
oD values for trees relative to aquatic plants. This interpretation is also supported by the
fact that more enriched 8D values (~40%o) for terrestrial plant lipids compared to those of

aquatic plants have been reported (Chikaraishi and Naraoka, 2003; Huang et al., 2004;
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Sachse et al., 2004). Moreover, Raven et al., (2005) showed that the deep root of trees
would also increase transpiration rate, which will also cause enriched 6D values for
terrestrial trees.

The 6D values of n-alkanes in terrestrial plants from the Tree Island and Gumbo
Limbo Island range from -105.9 to -77.7%.. The mean oD value of m-alkanes in
Chrysobalanus icaco (Cocoplum) leaves were most enriched (-77.7%o), while the mean
oD value for the n-alkanes in the other terrestrial tree leaves were more depleted (by up to
29.2%0), although all those woody plants were growing at the same site. The ferns
(Blechnum chilense and Osmunda regalis) living in the same area have mean values of -
89.6 and -97.8%o, respectively. No significant difference in n-alkanes 6D values between
terrestrial tree leaves and terrestrial fern plants were observed, although Liu et al. (2008)
suggested that trees may have a higher evapotranspiration compared to ferns.

The 8D values of n-alkanes in the freshwater plants from the Everglades vary
between -114.6 to -232.2%o (concentration weighted average, Appendix 6.1). Within each
particular plant species, the 8D variations can also be significant (up to 55.5%o).
Interestingly, sawgrass (Cladium jamaicense) has a significantly depleted 6D value for
the n-alkanes (averaged as -232.2%o; SD = 25.9%0). This was the case for all 11 sawgrass
samples collected from various locations within Evergaldes . In agreement with this
observation, Gao et al. (2011) showed that emergent plants had highly depleted D values
(-240 to -200%0 for Cy9 n-alkane, n = 7). However, the exact mechanism for thisvery
strongly depleted value is not presently known, but may possibly be caused by (1)

different biosynthetic mechanisms specific to sawgrass, resulting in a stronger isotopic
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depletion compared with other wetland plants; (2) differences in water use efficiency; (3)
differences in the timing of lipid biosynthesis; or (4) deeper roots to allow access to
deeper soil water. Because of the highly prevalent distribution (about 60% by coverage)
of sawgrass across Everglades system and its strongly depleted 6D values, there is a
significant potential to apply compound specific 6D for the paleo-environmental
assessment of pland successions in the Everglades wetlands (see Chapter VII below).

The 8D values of mangrove leaves (Rhizophora mangle, Laguncularia racemosa
and Avicennia germinans) range from -129.7 to -168.0%o, which are more depleted than
the terrestrial tree leaves analyzed. This is unexpected at first glance since estuary surface
brackish water is more 6D enriched than fresh water (Price et al., 2008). Similar range of
highly depleted 6D values for n-alkanes have previously been reported for Avicennia
marina leaves (Ladd and Sachs, 2012), and (1) increased discrimination against
deuterium during water uptake; (2) different production of compatible solutes from D-
enriched pyruvate; (3) different relative humidity at the leaf surface among others (Ladd
and Sachs, 2012)

The n-alkanes for the C4-type seagrasses (Syringodium filiforme and
Halodule wrightii) had average 6D values of -88.0 and -84.8, respectively, which were
more enriched compared to freshwater aquatic plants and close to the C3 tree leaves.
While no significant difference in 6D values of lipids among plants with different
biosynthesis pathways were reported by Sternberg et al. (1983, 1984), a recent study by
Chikaraishi and Naraoka (2003) showed that 6D values of leaf wax from C3 plants were

slightly more enriched than those of C4 plants, and suggested that the dD value difference
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can be associated with evapotranspiration and n-alkane biosynthesis. However, Smith and
Freeman (2006) found that for grasses grown in both green houses and US Great Plains,
n-alkanes from C4 grasses are more 0D enriched by over 20%o0 compared to those from
C3 grasses. C4-type sea grasses in this study were sampled from Florida Bay, and the 3D
value of the marine water source is also more dD enriched.

Plant leaf n-alkane 8"°C values are also important and can be applied to estimate
plant community and climate in the geologic past (Diefendorf et al., 2010). Plant leaf n-
alkane 3'"°C values are presented in Table 6.1. Similar to the D measurement, the §"°C
values were not reported for some plant n-alkanes because of their low concentrations.
The odd carbon numbered n-alkanes seemed to be more enriched in °C than the even
ones, which has also previously been reported (Collister et al., 1994; Chikaraishi and
Naraoka, 2003). No clear correlation between the carbon chain length of n-alkane and
their 8"°C values were observed.

Seagrass had significantly enriched n-alkane 8'°C valuess (averaged as -16.7 %o
and -14.2 %o) than all other C3 plants (-37.9%0 to -24.2%o) were observed. This was
consistent with literature values (Bi et al., 2005; Collister et al., 1994; Lockheart et al.,
1997). A large range of n-alkane 5"°C values (-38.8 to -24.2%o) was observed among all
C3 plants studied. Utricularia foliosa had very depleted values averaged as -38.8%o (n =
8; SD = 2.2%0), which is in agreement with data by Mead et al. (2005) who reported -40.7%o
for averaged n-alkane 8"°C values of Utricularia sp. Such significantly depleted values
have also been observed for Utricularia foliosa (-31.5 = 2.0%0; n = 4). Taxodium

distichum was more enriched in 8”C (-24.2%0) and a little more depleted than the
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corresponding bulk carbon values (Anderson et al. 2005) of about -20.0%o. The variation
among C3 plants could be influenced by several factors such as water availability and

plant types (Kohn, 2010; Freeman et al., 2011).

6.4.4 Compound-specific stable carbon and hydrogen isotopic compositions —
Belowground biomass

Root-derived lipids can also make a significant contribution to OM in sediments
(Gocke et al., 2010; Huang et al., 2011; Mendez-Millan et al., 2010). For this present
study, no significantly difference in 6D values between leaves and roots were found for
Typha latifolia, Eleocharis, and Nymphaeaceae, while for Cladium and Typha
domingensis, significantly more enriched oD values in roots (student T test, two tailed, P
< 0.05) compared to their leaf counterparts (Fig. 6.3) were observed. Cladium roots can
develop as deep or more than 2 m (Goslee and Richardson, 2008), which may allow the
root to access more OD depleted water in deeper soil. All plant roots seemed more
enriched in 8"°C (although not statistically significant) than their leaf conterparts. This 5D
and 3"C values difference between leaves and roots may infer different biosynthetic
depletion between roots and leaves for some plant species. However further studies need

to be performed to address further issue.
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Table 6.4 8D and 8'°C values of n-alkanes between plants leaf and root of the Florida

Coastal Everglades.

Species (leaves) e n (SD) 3D n (SD)
Taxodium distichum -24.2 1 N.A. 1
Pinus elliottii -31.8 1 N.A. 1
Blechnum chilense -31.1 1 -89.6 1
Osmunda regalis -32.7 1 -97.8 1
Magnolia virginiana -35.6 2.7 -90.0 2(9.0)
Annona glabra -33.2 3(1.5) -86.9 3(6.7)
Persea borbonia -33.1 1 -105.9 1
Mpyrica cerifera -31.8 2(2.9) -94.1 2 (1.1)
Salix Caroliniana -31.5 3(2.3) -93.6 2 (4.8)
Chrysobalanus icaco -37.8 1 -77.7 1
Cephalanthus occidentalis -31.8 1 -85.0 1
Typha latifolia -36.0 3(1.1) -125.4 3(7.1)
Typha domingensis -33.0 4(2.0) -137.5 4 (11.5)
Cladium jamaicense -31.9 13 (1.5) -231.1 11 (25.9)
Eleocharis cellulosa -34.0 10 (2.5) -113.5 6 (8.7)
Nymphaeaceae sp. -32.2 7 (1.0) -120.0 6(11.7)
Utricularia foliosa -38.8 8(2.2) -116.0 8(9.0)
Utricularia Purpurea -35.9 3(1.4) -119.9 2(5.6)
Bacopa caroliniana -31.1 2(1.2) -122.8 2(10.0)
Laguncularia racemosa -37.2 6 (1.7) -137.9 6 (13.8)
Avicennia germinans -35.7 3(0.9) -167.9 3(8.9)
Rhizophora mangle -37.9 7 (0.9) -129.7 7(2.3)
Syringodium filiforme -14.2 1 -88.0 1
Halodule wrightii -14.9 1 -84.7 1
Halophila decipiens -16.7 1 N.A. |
Species (Roots) 3"°C n (SD) 3D n (SD)
Typha latifolia -32.9 33.2) -141.6 3(7.8)
Typha domingensis -32.7 4 (0.6) -126.2 4 (3.6)
Cladium jamaicense -31.1 6(1.7) -208.8 6 (16.1)
Eleocharis cellulosa -33.0 4(1.9) -140.6 4(10.3)
Nymphaeaceae -30.6 5(1.3) -130.6 3(11.1)
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6.5 Conclusions

The mid to long chain (C,; to Css) m-alkanes in subtropical plant leaves,
subtropical wetland plant roots are documented in this study. The n-alkane abundances
between different plant group leaves will help to find the dominant n-alkane signal
preserved in soils and sediments, which will provide clear information to interpret 6D and
8"°C values from the geologic past. Generally, gymnosperms leaves investigated here
produced much lower n-alkane concentrationsthan gymnosperms. As expected, terrestrial
trees and mangroves were more enriched in higher chain n-alkanes (Cy, C;; and Css;
with lower Paq) compared with freshwater wetland macrophytes. Most wetland plant
roots have higher Pag and ACL values than their leaf counterparts. For instance, for the
emergent Eleocharis cellulosa, (1) the n-alkane abundance is significantly much higher in
the roots; (2) roots are relatively more enriched in longer chain n-alkanes (n-Cy9 and n-
Cs1). This “lipid behavior” inconsistence between leaf and root calls for further wider
scope analysis, and caution has to be taken in settings where the root derived lipid cannot
be neglected. Although the number of samples is limited, the difference in composition
between these plants suggests that studies using n-alkanes and their isotope values to
track paleoclimate or peleoecology need to consider both signals from above and
belowground biomass.

Although my study is limited to a small geographical scale, the abundance and
distribution of n-alkanes and their "°C and 8D values showed variation among plant
leaves studied and also between above- and belowground biomass components. The §"°C

values of n-alkanes showed large variation within C3 plants. n-Alkanes from terrestrial
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trees and seagrass are more enriched in 6D values compared with those of wetland
macrophytes. While mangroves are more 6D depleted in n-alkanes compared with the
terrestrial trees, a significant difference in 6D values of n-alkanes were observed between
leaf and root counterparts for some wetland plants. For instance, for the emergent
Eleocharis cellulosa, the averaged 6D value is more depleted in root compared with its
leaf counterpart. n-Alkanes from wetland plant roots seemed to be more §'"°C enriched
than that of leaves. These isotopic variations can be affected by various parameters such
as different biosynthetic process, precipitation, temperature, latitude, relative humidity,
water source (availabitity or stress), taxonomy, leaf autonomy, wind, time of lipid
synthesis, plant ecological life forms etc. All in all, more detailed study needs to be
performed to better strengthen future paleo-reconstructions using n-alkanes and their

isotopic compositions.
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CHAPTER VII

COMPOUND SPECIFIC 3D AND 3"°C ANALYSES AS A TOOL FOR THE

ASSESSMENT OF HYDROLOGICAL CHANGE IN A SUBTROPICAL WETLAND
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7.1 Abstract

Compound-specific carbon and hydrogen isotopic ratios and the molecular
distribution of n-alkanes from important plants, surface soil transects and soil cores from
the Florida Everglades wetland, USA, are reported. The aim of this study was to test the
potential of compound specific 8D and 8'°C isotope data as a means to assess historical
vegetation successions induced by hydrological modification in an anthropogenically
impacted, subtropical wetland. Compound specific stable isotope values and the n-alkane
based aquatic proxy (Pag) for a series of wetland plants which are dominant in long
hydroperiod, slough and short hydoperiod, ridge landscapes of the Everglades were
determined and compared with a transect of ridge-to-slough surface soil organic matter as
a calibration exercise. The plant data show that 8"°C and 8D values of n-alkanes differ
significantly (by 6.4%0 and 150%o, respectively) among all the studied wetland plants.
Not all emergent macrophytes had similar values, and difference of as much as 3.6%o0 and
130%o0 were observed between the two most abundant species (Cladium and Eleocharis)
for "°C and 8D values, respectively. A clear n-alkane 8D value depletion (-130%o to -
167%0) was observed along slough-ridge soil transects (with water depth ranging from
~70 to ~40 cm along the transect) from this wetland setting. This n-alkane 0D depletion
trend correlated with a decrease in Pag, and was likely the result of a transition from
slough to ridge dominated vegetation (Eleocharis to Cladium). Two soil cores were also
analyzed and the 8"°C values of n-alkanes were found to be enriched by as much as 4.6%o
and 3.9%o with depth for both the slough (dating back to ~ 40 BC) and ridge (dating back

to ~ 1800 AD) cores, respectively. In agreement with the relatively constant Pag values,
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the lack of significant changes in the trend of 8D vs. depth for the slough core suggest a
consistent slough type of vegetation composition over time at that location.. In contrast
changes of both n-alkane 8"°C and 8D values for the ridge core, especially after ~1960
AD, coincide with the expected plant successions from historically long hydroperiod,
slough type plants (Eleocharis, Utricularia, Nymphaea) to present day, short hydroperiod,
ridge type plant (Cladium). These 5"°C and 8D changes may be driven by a combination
of plant primary productivity and vegetation shifts associated with hydrological change.
The application of the compound-specific stable isotope determinations strongly
complements the biomarker approach for paleo-hydrological assessments in wetland

ecosystems.

7.2 Introduction

The Florida Everglades wetland ecosystem consists of a mosaic of tree islands
within a slough and ridge landscape (Larsen et al., 2011), and is the largest subtropical
freshwater wetland ecosystem in North America. The Everglades is commonly referred to
as the “River of Grass” (Douglas, 1947) because of the prevalent presence of sawgrass
marshes (Cladium jamaicense), which account for over 65% vegetation of the Everglades
landscape. Vegetation distribution in the Everglades wetland is controlled by various
drivers including hydroperiod (water depth and duration of inundation as related to
precipitation and/or water management), water quality, fire frequency and soil type (Ross
et al., 2003). Since the Everglades is characterized by of low velocity sheet flow (Riscassi

and Schaffranek, 2004), hydroperiod and associated historical changes are important
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factors affecting the landscape as well as vegetation type and distribution. Anthropogenic
effects through water management over the last century (Davis et al., 1994) are likely the
most critical influence of present day Everglades ecohydrology.

In the Everglades, water flow has been significantly altered over the past few
decades because of structural modifications for flood control, urban and agricultural
development. These changes resulted in reduced water delivery coupled with altered
seasonal pulsing because of regulated flow, and in general depriving the system of the
needed water quantity and quality (Larsen et al., 2011). As a result, Everglades National
Park (ENP) is undergoing an unprecedented restoration effort with the ultimate goal to
re-establish water quantity, quality and timing to conditions similar to those existing prior
to anthropogenic alteration (Richardson et al., 2008). To establish benchmarks for
hydrological restoration, paleo-hydrological information is needed to assess changes from
past conditions to the present in order to predict the potential effectiveness of restoring
the system. For the purpose of paleo-ecological and paleo-hydrological studies, source-
specific biomarkers have already successfully been applied in the Everglades (Saunders
et al., 2006; Saunders et al., in review) and have confirmed a vegetation shift with the
reduction of hydroperiod over the past decades, especially during the latter part of the
20th Century (>1960). Among the biomarkers applied, the aquatic proxy, Pag (Ficken et
al., 2000; Mead et al., 2005) was found to be most successful to differentiate between
ridge type plants (lower Pag) and slough type plants (higher Pag), and consequentially
between ridge and slough surface soil organic matter (Saunders et al., 2006; in review).

However, in some instances, even when a clear trend in plants distribution along the
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ridge-to-slough was apparent, no obvious Pag changes were observed. In addition,
variations of Pag within the same plant species sampled from different locations or
during different years have also been observed (Mead et al., 2005; Pisani et al., 2013;
Saunders et al., 2006), suggesting that this parameter may have some limitations in its
application as a paleo-proxy. Moreover, it is still unclear how environmental variables
(climate wvariations) or stresses (hydroperiod changes) would affect the wax lipid
composition or Pag for the same plants (Jetter et al., 2006). The other biomarkers
previously applied to assess hydrological change and associated vegetation shifts in the
Everglades (Saunders et al., 2006; in review) are either associated with organic matter
derived from periphyton (C,o HBI and botryococcenes; Jafté et al., 2001 and Gao et al.,
2006, respectively) or primarily with root derived organic matter (kaurenes; Saunders et
al., 2006). As such, these biomarkers also have some limitations to assess historical
variations in the ridge and slough landscape because of the mobility of the sources of the
former and the belowground generation of the latter. It is therefore of interest to develop
additional paleo-indicators to be applied to better constrain historical hydroperiod
variations in wetlands and serve as complementary information to those already being
applied.

On the basis of literature reports, I hypothesize that the combination of this n-
alkane proxy (Pag) with compound specific 8D and/or 8'°C isotope data for n-alkanes
would provide further confirmation regarding plant successions induced through
hydrological changes. Since compound specific 3D and 8"C values of lipids can be

directly related to hydrological changes (Sachse et al., 2012 and references therein) and
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changes in primary productivity (Shemesh et al., 1993; Gu et al., 1996), I expect that this
approach will not only complement information suggested by biomarkers (Diefendorf et
al., 2011), but may be even more sensitive and accurate than molecular distributions (e.g.,
Pag) alone. Previous literature reports have confirmed this assumption. Seki et al. (2009)
applied a combined compound-specific 8°C and 8D to study a peat core from the Hani
bog of northeast China with the objective to reconstruct local changes in effective
precipitation and land vegetation cover over the last 16 Kyr. They suggested an increase
in the contribution of aquatic plants and a higher water level during the 14 tol1 Ka period
on the basis of the depleted 6D values of mid-chain n-alkanes (C,3, Cys and C,7) relative
to the long chain n-alkane (Cs;) and the higher Pag values during that time. In addition,
Seki et al. (2010) combined compound-specific 8D and 8'°C of n-alkanes in forest soil,
wetland peat and lake sediments within the Dorokawa watershed, Japan, to understand
sources and delivery processes of terrestrial organic matter to the lake sediments. Krull et
al. (2006) measured compound specific 8D and 8'°C analyses of lipids from a modern,
water-limited ecosystem with a mixed tree-grass vegetation distribution to provide
different water use strategies of plants and plant induced changes in soil hydrology.
Leider et al. (2013) reported on the distribution and stable isotopic compositions of 6D
and 8"°C of plant-wax derived n-alkanes (C,; and Cy) in terrestrial, coastal and offshore
surface sediments in relation to hydrology, suggesting they could be applied as
paleohyrologic proxies and that combined 8D and 8"C of plant n-alkanes could

discriminate potential source of n-alkanes deposited in the marine environment. Similarly,
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Chikaraishi et al. (2005) successfully evaluated the source input for phytol and sterols
from sediments of Lake Haruna in Japan using both 8"°C and 8D data.

Thus, combining molecular distribution patterns with compound-specific stable
8"°C and 8D measurements is a promising approach to assess paleo-hydrology in the
Everglades wetland. In this study, I report the 8"°C and 8D composition of leaf wax n-
alkanes from dominant wetland plants, surface soil transects, and soil cores in Everglades
National Park, USA. The objectives of this effort were to test whether stable isotope
signatures of sub-tropical wetland plants are recorded in wetland surface soils, and if so,
if they can be applied to wetland soil cores for paleo-environmental assessments.
Combined with other studies that have already provided information on historical
vegetation shifts because of hydrological variations in the system (Cohen et al., 1999;
Saunders et al., 2006; in review), the Everglades ecosystem seems ideally suited to test

this hypothesis.

7.3 Samples and methods
7.3.1 Samples
7.3.1.1 Site description and samples

The oligotrophic Florida Everglades freshwater wetland system is extremely
sensitive to anthropogenic forcing and stress. Two major drainage basins exist within the
southern Everglades; the Shark River Slough (SRS) and the Taylor Slough/Panhandle
area (TSPh; Fig. 7.1). Differences in hydrological conditions between the freshwater

marshes in SRS and TSPh (long vs short hydroperiod respectively; Chen et al., 2013)
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result in different soil types. However, the vegetation community structures are quite
similar between the two. As such, TSPh marshes are characterized by marl type soils,
while peats are typical for the freshwater SRS. Freshwater marshes in the Everglades are
dominated by Cladium (sawgrass), whose productivity is lower at TSPh relative to SRS
marsh sites (Daoust and Childers, 2004; Ewe et al., 2006). The major plants species at
both sampling stations (SRS2 and TSPh2; Fig. 7.1) are Cladium, Eleocharis, Nymphaea,
Utricularia sp. and periphyton. While Cladium is usually more abundant at the ridges
(shallow water), Eleocharis, Utricularia and Nymphaea are more common in the sloughs

(deeper water, Gunderson, 1994).
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Figure 7.1 Map of sampling locations.
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7.3.1.2 Vegetation survey

Typical freshwater plants (Cladium, Eleocharis, Utricularia and Nymphaea) and
freshwater periphyton were collected at sites SRS2 and TSPh2 in 2012 (Fig. 7.1, for
details see fcelter.fiu.edu/). Additionally, all these plants mentioned above and Bacopa
Caroliniana, Typha domingensis, Typha latifolia were also sampled from various
locations such as Water Conservation Area 3B (WCA3B) and SRS3 across the Florida
Everglades freshwater wetland. Plant materials were wrapped in clean aluminum foil, put
in pre-combusted glass jars and then stored on ice. After transport to the lab, they were
washed repeatedly with deionized water, frozen, freeze dried, crushed to a fine powder

and kept frozen (-20 °C) until analysis.

7.3.1.3 Surface soil transects

Surface soil transect samples were obtained from archived samples from a
previous study (Saunders et al., 2006). Briefly, soils were collected by pushing sharpened,
butyrate coring sleeves (7.3 cm i.d.) into the soil and extruding the top 4 cm of soil.
Surface soil (11 samples, 5 m intervals) were collected at SRS2 along a 50 m transect
from deep (wet prairie/slough) to shallow (sawgrass mash/ridge) water depth. The surface
soil samples were labeled as SRS2 (%, 0), where ‘x’ is the distance in m away from the
deep slough site along the transect, and ‘0’ stands for surface sample. Thus, samples
covering the range from deep slough (start of transect), through the intermediate depth
transition zone (half-way point of transect), to the shallow sawgrass marsh ridge (end of

transect) would be labeled as SRS2 (0, 0), SRS2 (25, 0) and SRS2 (50, 0), respectively.
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7.3.1.4 Soil cores

Two archived soil cores (Saunders et al., 2006; in review) were obtained from the
SRS2 site; one at wet prairie/slough and the other one at a Cladium marsh/ridge (Fig. 7.1).
While the marsh/ridge landscape is covered dominantly by Cladium, the wet
prairie/slough landscape is primarily covered by emergent Eleocharis, floating aquatic
Nymphaea and submerged Utricularia. The transition zone between marsh/ridge and wet
prairie/slough are usually covered by the mixture of Cladium and Eleocharis (Saunders et
al., 2006, in review). Periphyton was well distributed throughout both Cladium
marshes/ridges and wet prairies/sloughs. The core from wet prairie/slough (deep water;
longest hydroperiod) will be referred to as ‘slough core’ while the other one from the
Cladium marshes (shallow waters; short hydroperiod) will be referred to as ‘ridge core’.
The two soil cores (25 cm deep for each) were collected and sectioned as previously

described (Saunders et al., 2006).

7.3.2 Analytical methods
7.3.2.1 Biomarker analyses

All samples (plants, surface soils and soil core segments) were frozen, freeze-
dried (-50°C; 0.01 m bar) and ground. The dried samples are Soxhlet-extracted with pure
methylene chloride (Optima, Fisher, USA) for 24 hours. Activated copper is added to the
total extract to remove elemental sulfur. Total extractable organics were saponified with
0.5 M KOH and separated into neutral and acid fractions. The neutral fraction was further

fractionated over silica gel to obtain the saturated hydrocarbons (Jaffé et al., 1995) using
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n-hexane (20 ml) as eluent. A capillary GC/MS system (Hewlett-Packard 6890 GC
interfaced to a Hewlett-Packard 5973 quadrupole scanning mass spectrometer) was used
to analyze all the samples, and operated in the electron impact (EI) ionization mode at 70
eV. Identifications of individual compounds such as n-alkanes and C,y HBI (Highly
Branched Isoprenoid) were performed by comparisons with previously reported mass

spectra and chromatographic elution patterns.

7.3.2.2 Soil core dating

Previous studies have shown that soil accretion rates, which are controlled by
diverse environmental factors, vary widely in the Everglades wetlands ecosystem
(Willard et al., 2002). In this study, soil core ages were obtained from (Saunders et al., in
review), which were approximated primarily using radiometric dates, or from literature
values (Willard et al., 2001a; Willard et al., 2001b). The age model of the ridge core was
on the basis of '*C AMS dates of seeds collected at two depths (8 - 10 and 22 - 24 cm),
while for the slough core, a single '*C date provided an age at 21 - 22 ¢m, and ages for 0 -
20 cm were approximated by averaging depth-age data from 5 other dated Shark River
Slough cores. Average depth approximations were consistent with age models from
previous Shark River slough cores (Craft and Richardson 1998; Glaser et al. 2012;

Willard et al. 2006).
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7.3.2.3 Compound specific isotope (C and H) analyses

For the specific purpose of testing whether compound-specific isotope
measurements will provide complementary and more sensitive information compared to
biomarker proxies, I analyzed some of the same surface soil transects (ridge to slough;
Saunders et al., in review) with closer space intervals, for locations with clear vegetation
transitions. Similarly, two soil cores (one ridge, one slough; see above) at SRS2 from
Saunders et al. (in review) were also analyzed for this purpose.

The aliphatic hydrocarbon fraction was analyzed to obtain the 8D and &"°C values
for targeted compounds. Compound-specific 8"°C values of n-alkanes and the Cao HBI
were measured using a gas chromatography-isotope ratio mass spectrometry (GC-IRMS)
system, consisting of a Thermo Trace GC Ultra system equipped with a DB-1 fused silica
capillary column (30 meters long, 0.25 mm ID, 0.25 um df), a Thermo GC/TC 2 interface,
and a Thermo Delta V IRMS. Oven temperature for conversion of compounds to CO,
was held at 960°C. Between every four samples, three standard mixtures containing C,7
n-alkane and squalane (different concentrations as 30 ng/uL, 200 ng/uL and 500 ng/uL,
with known 8'"°C values for each) were measured to check instrument performance and
was also used for size correction if necessary. A known amount of squalane was also co-
injected with samples as internal standard for stable carbon and hydrogen isotopic
measurements. The 5'"°C values are given in per mil (%o) notation relative to the Vienna
Peedee Belemnite (VPDB) standard (Coplen et al., 1983).

Compound-specific 8D values of n-alkanes and the C,y HBI were measured using

the same system as for carbon, but with the DB-1 fused silica capillary GC column
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connected to the higher temperature oven for pyrolysis set at a temperature of 1440°C in
a micro volume ceramic tube. Helium was used as carrier gas at 1.6 ml/min. The oven
temperature program was the same as that described above. F8 standard (purchased from
Indiana University, Bloomington, USA) was used to check accuracy of the
instrumentation periodically. Methyl palmitate (-255%o) and squalane (-107%o) mixtures
with different concentrations (150 ng/puL, 800 ng/uL. and 1500 ng/uL for both
compounds) were used as external standards, and were analyzed between every four
sample measurements. An additional external standard (B3; Indiana University,
Bloomington, USA) consisting of a mixture of n-alkanes from Ci¢ to C;¢ (with different
concentrations) and known 6D values, was also analyzed and used for size correction
purpose. The H;" factor was measured daily prior to sample analysis (average values 5.3
during this study, with a daily variability within 0.1). Isotopic values for each sample
were size corrected by the nearest two groups of standards (6 methyl palimitate/squalane
mixture standards and 2 B3 standards), and the internal co-injected squalane for each
sample if necessary. Good replicates for all 8D values for standards (different
concentration) were obtained, with a standard deviation < £ 5%o. Error was estimated
through the repeat analyses of selected samples (n = 3), which yielded standard
deviations within + 5%o. Only compounsd (mostly odd carbon numbered n-alkanes)
present in sufficient quantities (intensity above 500 mVs) for reliable 8"°C and 8D

measurements are reported and discussed herein.
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7.3.2.4 Mean annual precipitation and surface water oD values

The mean annual precipitation 6D values in my study area were obtained from
several published sources (Ewe et al., 2007; Price and Swart, 2006; Price et al., 2008;
Saha et al., 2009). If no published values are accessible, OIPC: The Online Isotopes in

Precipitation Calculator (www.waterisotopes.org) was also used to estimate the annual

oD values of meteoric water from the sampling sites (Bowen and Revenaugh, 2003).

7.3.2.5 Calculation of the net “apparent” isotopic fractionations

The isotopic difference between leaf n-alkanes and source water was calculated

8Dn—alkane+1

using follow equation 1: g,. = O -1=
g q n-alkane/water n-alkane/water ( SDwater+1

1) x 1000%o.

7.4 Results and Discussion
7.4.1 Paq and C»y HBI in dominant wetland plants, surface soil and soil cores

This sub-section is intended to provide a synthesis of existing literature data plus
some complimentary results from some additional samples from this study on the
distribution of the Pag and C,y HBI in the studied samples leading into the results and
discussion of the compound-specific stable isotope data. The values of Pag for
Everglades wetland plants from various previous studies (Mead et al., 2005; Neto et al.,
2006; Pisani et al., 2013; Saunders et al., 2006, in review) and this present study are
summarized in Table 7.1. Since periphyton consists mainly of planktonic organisms, and
doesn’t produce n-alkanes in the range used for the Pag determination, it is therefore not

listed. In general, the Pag values agreed with those reported by Ficken et al. (2000),
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where emergent plants and submerged-floating plants showed values ranging from 0.07 ~
0.61 and 0.48 ~ 0.94, respectively. A general and consistent trend of lower Pag values
was observed for ridge type vegetation (Cladium) compared to slough type vegetation
(Eleocharis, Utricularia and Nymphaea) (Saunders et al., 2006; in review; Table 7.1).
Cladium sampled at both SRS2 and TSPh2 had lower Pag compared with Eleocharis,
Utricularia and Nymphaea (Table 7.2). However, some overlap of Pag values across
plant types (emergent vs. submerged) was also observed. Pag values from the same plant
species sampled at different time (different studies) were also different (Table 7.1). For
instance, the mean Pag values of Cladium leaves and Eleocharis stems sampled during
different studies ranged from 0.13 ~ 0.27 and 0.27 ~ 0.51, respectively. Similar
observations applied to samples of the same species collected at different locations (SRS2
compared with TSPh2; Table 7.2). Previous reports have shown that n-alkane
distributions can vary within species both in long evolutional perspective and across
environmental gradient scale (Dodd and Afzal-Rafii, 2000; Dodd and Poveda, 2003).
These variations (both within and between plants) could be because of factors such as: (i)
different time for leaf wax n-alkanes synthesis and accumulation (Stransky et al., 1967);
(i1) different environmental variables and environmental stresses, such as temperature,
water stress or ablation by wind (Jetter et al., 2006); (iii) variation of leaf physiology
because of different sun-exposure time (Dyson and Herbin, 1968); and potentially other
unknown factors. While the Pag values presented some degree of variation, in general
terms they were consistently higher and lower for slough and ridge plants respectively

and as such applicable as a paleo-hydrology proxy. However, the observed variability
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also implies some limitations in the use of this biomarker.

Table 7.1 Pag values of the dominant plant species in the Everglades freshwater wetlands.

Saunders et Mead et al. Pisani et al
Biomass al., 2006, 2005; Neto et 2013 ?  This study
Species  Allocatio 2014 al., 2006
n (%) Pag Mean (n;  Pag Mean (n; Pag Mean  Pag Mean (n;
SD) SD) (n; SD) SD)
Emergent species
Cladium jamaicense
Leaves 76%"  0.18(6; 0.06) 0.13 (3-5% 0.27 (1) 0.23 (13;
0.02) 0.11)
Rhizomes 5% 0.55(6;0.05) - - -
Roots 19%"  0.54 (6; 0.16) - - 0.36 (6; 0.12)
Eleocharis spp.
Stems 75%"  0.43 (5;0.16) 0.51 (3-5% 0.27 (1) 0.46 (10;
0.02) 0.18)
Rhizomes  12.5% 0.96 (3; 0.01) - - -
b
Roots 12.5% 0.88 (3; 0.08) - - 0.94 (5; 0.01)
b
Typha domingensis
Leaves 50%" - - - 0.23 (3;0.11)
Roots 50%" - - - 0.46 (3; 0.10)
Typha latifolia
Leaves 50%" - - - 0.13 (3; 0.06)
Roots 50%" - - - 0.59 (3; 0.14)
Nymphaea odorata
Leaves 50%" - - - 0.57 (7; 0.19)
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Roots 50%° - - - 0.76 (6; 0.15)

Nuphar lutea

Leaves 25%°  0.05(3;0.01) - - -
Stems 25%°  0.20 (3; 0.03) - - -
Rhizomes  25%°  0.91 (3; 0.04) - - -
Roots 25%°  0.94(3;0.01) - - -

0.13 (1) -
024 (1)  0.49 (2; 0.06)

Panicum hemitomon -

Bacopa Caroliniana -

Submerged Species

Chara sp. - 0.89 (3-5% - -

0.06)
Ruppia maritima 0.67 (1) - -
Utricularia foliosa - 0.93¢ (3;0.01) - 0.67 (4;0.13)
Utricularia - 0.85(1) 0.83 (1) 0.83 (2; 0.10)
purpurea

*Busch et al. 2004

® parsimoniously assuming equal proportions
¢ on the basis of 3-5 measurements

"Neto et al. 2006

SD = standard deviation; n = sample size; ‘-’ = not accessible
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Table 7.2 Summary of plants biomarker and hydrology in adjacent ridge and slough communities in the two study sites SRS2 and
TSPh2. Note: Hydroperiods and elevation differences (Saunders et al., in review) are representative of points centrally located in
adjacent ridge and slough habitats (15-25 m from the ridge/slough ecotone).

Average Ridge-
Plant Hydroperiod Slough
ant common hame Location Plant type from 2001 to  Elevation Pag  Cumax Crange
(scientific name) 2007 Difference
(min, max) (cm)
Cladium (Sawgrass) SRS2 ridge Emergent 304 (196, 365) 0.17 29 17-33
Eleocharis (Spikerush) SRS2 slough Emergent 137 0.29 27  15-33
Utricularia (Bladderwort) SRS2 slough Submerged 351 (282, 365) ' 0.40 27  15-33
Nymphaea (Water lily) SRS2 slough Floating aquatic 0.78 23 15-33
Cladium (Sawgrass) TSPh2 ridge Emergent 171 (114, 233) 0.18 27  15-33
Eleocharis (Spikerush) TSPh2 slough  Emergent 305 0.52 27  17-33
Utricularia (Bladderwort) TSPh2 slough  Submerged 275 (238, 335) ' 0.71 27  17-33
Nymphaea (Water lily) TSPh2 slough  Floating aquatic 0.82 23 15-33
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The Paq ranged from 0.33 to 0.67 across the surface soil transect showing a clear
decreasing trend from slough to ridge (Saunders et al., 2006; in review). Cyy HBI,
originally attributed to cyanobacteria in periphyton (Jaffé et al., 2001), was consistently
detected at large concentration across the surface soil transect. No obvious trend was
observed for the C,o HBI abundance (average cover percentage is about 40%) across the
surface soil transect, which suggests no clear variations in periphyton cover.

With regard to the slough and ridge cores, total alkane concentrations ranged from
82 to 271 pg/gdw (205 to 729 ng/g OC) and 60 to 247 pg/gdw (145 to 561 pg/g OC),
respectively. These values are similar to those reported by Seki et al. (2010) and probably
reflects the preservation of organic matter under anoxic or sub-oxic conditions in
wetlands with peat accumulation. Pag values varied only slightly in the range of 0.57 to
0.64 down the slough core (Saunders et al., in review), which may probably be caused by
the relatively high OM inputs from Eleocharis, and/or Utricularia and/or Nymphaea. In
contrast, the ridge core could be divided into two zones on the basis of biomarker (Pag)
distributions; zone-1 (0 - 9 cm) and zone-2 (9 - 25 cm; Saunders et al., in review). The
recorded ranges for zones 1 and 2 are 0.38 - 0.54 and 0.59 - 0.70, respectively, which
may suggest a vegetation type change from zone-1 (enriched in Cladium) to the higher
Pag of zone-2 (dominated by Eleocharis and/or Nymphaea). On the basis of the Pag
survey from the plants and the surface soil calibration, it is possible to suggest that a
vegetation shift did happen though my ridge core. However, considering the potentially
large variations in Pag even for the same plant (see Table 7.1), additional information is
needed to better constrain such changes. C,y HBI was consistently detected throughout

both cores showing a concentration increases up to 500 pg/g OC for upper soils in both
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cores. Higher organic matter inputs from periphyton during the last few decades has been
suggested to explain this trend (Saunders et al., in review), possibly as a result of higher

nutrients input derived from water runoff from urban and agricultural areas (Davis, 1991).

7.4.2 Isotopic (C and H) compositions of n-alkanes in typical Everglades wetland plants
All average 5"°C and 8D values shown (Table 7.3 and Fig. 7.2) were calculated by
concentration-weighted average of the odd n-alkanes from C,; to Cs3 for better
comparison. The 8"3C and 8D values of n-alkanes (C,; to Cs3) differed significantly (6.4%o
for 8"°C and 154.7%. for 8D; Table 7.3) among the whole plants dataset (SRS2 and
TSPh2, Table 7.3). Generally, Utricularia had the most depleted 8°C values
(concentration-weighted average, -35.1 to -37.7%o), while Cladium and Nymphaea were
more enriched in *C (-31.3 to -33.6%o and -32.5 to -33.3%o, respectively). Comparing the
same plants between SRS2 and TSPh2 sites, 5"°C values differed significantly for
Cladium (P < 0.01) and Utricularia (P < 0.01), while no significant changes were
observed for Eleocharis and Nymphaea. The 8"°C difference may be explained by various
factors mainly related with different environmental conditions affecting primary
productivity (Shemesh et al., 1993; Gu et al., 1996). Relative BC-enrichment for Cladium
(emergent plant) in SRS2 compared with TSPh2 (2.3%. difference) could have resulted
from a relative decrease in primary productivity of Cladium in TSPh2 due to enhanced
water-stress (Anderson et al., 2005). Alternatively the reduction of stomatal conductance
and/or an increase in biochemical C-assimilation into lipids for Cladium grown at SRS2
with higher water level and longer hydroperiod (Ewe and Sternberg, 2002) could explain

this observation. This relationship is different from terrestrial trees growing in a
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temperate environment, where water stress causes changes in water-use efficiency (WUE)
and carbon assimilation resulting in a relative isotopic enrichment (Francey and Farquhar,
1982; Saurer et al., 1995). Yet, my data shows that plants growing in wetland settings
may not respond in the same manner as previously observed in other wetland based
studies (Anderson et al., 2005). Utricularia (submerged plant) showed significantly more
depleted 3'°C at SRS2 compared with TSPh2 (2.6%o difference), and similar negative
correlation between water level and 3'°C was also reported in Sphagnum (Huang et al.,
2014). This inverse relationship between water level and 8"°C is potentially controlled by
a relative decrease in primary productivity at SRS2 (longer hydroperiod) possibly
because of less light penetration. Since the dissolve organic matter (DOM) concentration
is much higher at SRS2 (21.0 + 9.7 mg/L, n = 67) compared with that of TSPh2 (7.8 +
3.5 mg/L, n = 44; Chen et al., 2013), and DOM can absorb light (Coble et al., 1998), light
availability at SRS2 may indeed limit primary productivity of submerged species. The
decrease of 8'"°C value coincides with primary productivity decrease and is supported by
other studies from sediments (O'Reilly et al., 2003), lake environments (Schelske and
Hodell, 1991; Gu et al., 1996) and ocean systems (Shemesh et al., 1993). In addition,
water use efficiency can also cause 8"°C variations in plants (Hubick et al., 1986;
Ehleringer and Cooper, 1988; Ehleringer 1990), and is possible that such mechanism may

also contribute to the observed §'°C value difference observed between these two sites.
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Figure 7.2 SRS2 and TSPh2 plants n-alkane 8'°C and 8D mean values distribution.
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Table 7.3 SRS2 and TSPh2 plants n-alkane 8'°C and 8D values distribution (N.A. means not analyzed).

Note: all mean n-alkane values reported are concentration weighted average values of odd n-alkanes from C;; to Cs;, when
reportable.

0dd n-
Plant species alkanes nCy; nCys nCys nCy; nCygy nCs; nCs;

(mean)
SRS2 Cladium (3"C) 313 324 -29.8 31.1 -29.5 293 -33.5 -33.1
SRS2 Eleocharis (8*C) -34.9 31.8 -32.5 -34.5 -35.8 372 -37.8 N.A.
SRS2 Utricularia (8"*C) -37.7 N.A. -37.5 -38.0 -40.5 -36.2 -36.3 N.A.
SRS2 Nymphaea (5"C ) -32.5 N.A. 332 313 323 319 -33.9 N.A.
TSPh2 Cladium (5"C) -33.6 N.A. -32.4 -32.6 -33.5 -33.3 -36.2 N.A.
TSPh2 Eleocharis (5"°C) -34.5 N.A. -33.2 -34.4 -33.0 -35.5 -36.6 N.A.
TSPh2 Utricularia (3"°C) -35.1 -33.1 -35.8 -37.0 -36.4 -33.3 -35.0 N.A.
TSPh2 Nymphaea (8°C) -33.3 -33.4 -34.6 -35.5 -33.1 -32.0 -31.0 N.A.
SRS2 Cladium (3D) -258.7 N.A. -229 -282.7 -275.1 -263.4 -243 N.A.
SRS2 Eleocharis (3D) -119.3 -100.4 -109.8 -113.4 -115.9 -129.7 -127.5 -85.9
SRS2 Utricularia (3D) -128.5 -99.2 -132.2 -140.8 -118.8 -131.4 -119.1 N.A.
SRS2 Nymphaea (8D ) -118.5 N.A. 989 -113.1 -144.9 -152.9 -102.4 N.A.
TSPh2 Cladium (3D) -243.0 N.A. -242.7 -270.8 2282 -221.1 -252.0 -175.2
TSPh2 Eleocharis (3D) -104.0 N.A. N.A. -95.4 -116.1 -121.5 -84.0 753
TSPh2 Utricularia (5D) -116.1 -110.2 -112.8 -123.5 -124.1 -122.2 -103.9 N.A.
TSPh2 Nymphaea (5D) -109.9 -129.9 -94.6 -103.5 -108.3 -113.4 N.A. N.A.
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The mean oD values shown in Table 7.2 indicate no significant difference among
Utricularia (submerged plant), Eleocharis (slough type emergent plant), and Nymphaea
(slough type floating plant). For Cladium (ridge type emergent plant), relative oD
enrichment would be expected because of the effect of evaporation at the shallower ridge
habitat. However, the mean 6D values are most depleted for Cladium, with a difference
of about 120%. compared to all other slough type plants studied. This large depleted 6D
value agrees with a report by Gao et al. (2011) who showed that emergent plants had the
most depleted dD values (-240 to -200%o for Cy9 n-alkane, n = 7). In order to test the
consistency of this highly depleted 8D value for Cladium, several Cladium samples from
other locations (with different hydroperiod) across the Southern Everglades ecosystem
were measured, and consistently largely depleted 6D values (-232.2%0 + 29.4%o0, n = 13)
were obtained. Several possible explanations could be ascribed for these depleted oD
values of Cladium. First, although most plants studied were from the same site (SRS2 or
TSPh2) and grew under almost equal conditions, the species may have unequal
autecology (Brader et al., 2010). Cladium has a really high relative growth rate (RGR)
and can develop roots as deep as more than 2 m (Goslee and Richardson, 2008), which
would allow it to exploit groundwater (less evaporative/more D depleted compared with
upper soil water or surface water). Second, enriched 8'°C value for Cladium (Table 7.2)
may infer its greater water use efficiency (WUE) when compare with the others plants.
Hou et al. (2007a) reported plants with higher WUE (inferred from enriched 8" Cyax value)
were found to have more depleted 6D values. This possible higher water use strategy for
Cladium might be another possible reason for its stress-tolerant and widespread across

Everglades system not only because of its low nutrient requirement, dense stands and
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adaptation to fire ecology (Steward and Ornes, 1975, 1983; Miao et al., 1997). Third,
precipitation with different 6D values because of seasonality change. It is known that the
precipitation 6D values vary though out the year from Price et al. (2008, Table 7.2),
especially during wet season (May to Oct.) where precipitation amounts are significantly
higher. The 8D values of precipitation during wet season can vary from -62.0%o to 8.4%o
and it is known that Cladium grows mostly during the wet season (Lorenzen et al., 2001).
This typical seasonal pattern in precipitation dD values among sub-environments may
also partly explain the large variability of interspecies leaf wax n-alkane “H/'H
composition. Actually, not only the precipitation, but the leaf water 6D values can change
significantly even during a single day. In a field-grown barley study performed by Sachse
et al. (2010), the oD difference between midday leaf water and leaf water pre-dawn can
be ~ 50%.. However, more studies are needed to determine the timing of leaf
development for Cladium, especially when Cladium start using precipitation or soil water
forming leaf wax n-alkane along the whole growing season. Fourth, greater biosynthesis
depletion, indicating Cladium has slightly different biosynthetic path compared with
other wetland plants (Eleocharis, Utricularia and Nymphaea) studied. This difference
might be explained by former studies such as Sessions et al. (1999), in which 6D values
of biosynthetically related compounds such as n-alkanes were reported to differ
substantially among different species even growing in water with same hydrogen isotope
composition.

In contrast to Cladium, no significant 8D differences were found between slough
species such as Eleocharis, Utricularia and Nymphaea. However, when comparing same

plants between two sites, TSPh2 plants were more enriched in 6D (16%o, 15%o, 12%0 and
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9%o more enriched for Cladium, Eleocharis, Utricularia and Nymphaea, respectively; P <
0.05 all four plant species). This site difference could be mainly caused by higher
evaporation at TSPh2 than that of SRS2, which would isotopically enrich water column
because of evaporative enrichment at TSPh2. Additionally, there is a hydroperiod
difference between the sites, where TSPh2 has a short hydroperiod and a seasonal dry-
down (Schedlbauer et al., 2010), while SRS2 is usually inundated year-round (Ogden,
2005). Increasing inundation time, and associated higher relative humidity, can result in a
reduction of evaporation and evapotranspiration, and similar patterns have been reported

for coastal salt marsh species (Romero and Feakins, 2011).

7.4.3 Isotopic (C and H) compositions of n-alkanes and C,y HBI across wetland surface
soil transect

Wetland surface soil transects (from slough to ridge) were analyzed to test if
compound specific isotopic information (C and H) from plants can be recorded in
wetland surface soils. The 8'"°C values of individual n-alkanes across this surface soil
transect range from -27.9%o to -33.6%o and concentration weighted average 8"°C values
varied between -29.5%o to -32.3%o (Table 7.4, Fig. 7.3a). Comparatively, the 6D values of
individual n-alkanes along this surface soil transect ranged from -99.2%o to -200.3%o and
concentration weighted average 6D values between -131.7%o to -166.9%o (Table 7.4, Fig.
7.3b). §'3C and 8D values of the Cy0 HBI were also obtained and ranged from -37.0%o to

-40.6%o and -127.6%o to -153.2%o, respectively (Fig. 7.3a,b).
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Table 7.4 n-Alkane and C, HBI 8°C and 8D values across SRS2 surface soil transects (N.A. means not analyzed).

Note: all mean n-alkane values reported are concentration weighted average values of odd n-alkanes from C;; to Cs;, when
reportable.

tsrl:nssi Cst”rface soil Sﬁgn’ls CxHBI  nCy nC; nCos nCy; nCao nCs, nCs;
(mean)
SRS2 0,0 (3°C) -32.3 -38.3 -32.1 314 -33.0 -32.2 -32.1 -33.1 -32.2
SRS2 5,0 (3°°C) -31.1 -37.3 322 -29.4 -30.4 -31.0 -31.3 -32.3 N.A.
SRS2 10,0 (3"*C) -30.4 374 -30.1 -28.1 -30.3 -31.2 -31.0 -31.5 N.A.
SRS2 15,0 (3"*C) -30.0 -37.0 -29.6 -28.4 -29.1 -30.7 -31.1 -30.3 -31.1
SRS2 20,0 (5"*C) -30.0 -37.1 -30.6 279 -30.0 -30.5 -30.9 N.A. N.A.
SRS2 25,0 (5"°C) -30.4 -38.5 -30.9 -29.0 -28.2 312 -30.6 317 315
SRS2 30,0 (8"°C) -30.4 -39.3 N.A. N.A. -28.5 -30.2 -30.7 -32.3 N.A.
SRS2 35,0 (5"°C) -30.7 -39.2 N.A. -29.7 -29.3 -30.5 31.1 315 323
SRS2 40,0 (5"°C) -29.5 -40.6 N.A. -28.5 -28.2 -29.4 -28.6 -30.6 -31.8
SRS2 45,0 (5"°C) -30.6 -38.3 N.A. -29.4 -28.6 -29.3 -30.4 -32.0 -33.6
SRS2 50,0 (3"*C) -30.3 -38.5 N.A. -30.5 -28.3 -29.8 -29.5 -31.6 -32.1
SRS2 0,0 (8D) 21327 -1488 -131.5 -117.2 -122.2 -163.1 -140.6 -117.1 -137.0
SRS2 5,0 (8D) 21301 -1412 N.A. -103.8 -111.3 -156.2 -151.9 -115.1 -141.9
SRS2 10,0 (D) -136.8  -147.0 NA. -104.2 -141.5 -175.5 -163.5 -99.2 N.A.
SRS2 15,0 (3D) -149.7  -1532 NA. -141.1 -148.4 -177.9 -174.2 -112.2 -144.2
SRS2 20,0 (D) -151.7  -1455 -137.3 -142.0 -170.2 -186.6 -187.5 -126.8 -111.5
SRS2 25,0 (3D) -158.7  -140.1 N.A. -122.2 -150.9 -178.9 -196.1 -144.8 -159.4
SRS2 30,0 (3D) -154.8  -143.6 N.A. -142.1 -126.4 -195.2 -200.3 -110.2 N.A.
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SRS2 35,0 (8D) -161.9 -144.1 N.A. -147.5 -151.9 -174.6 -195.1 -125.6 -176.7
SRS2 40,0 (8D) -166.9 -140.2 N.A. -134.9 -165.1 -190.3 -191.0 -157.2 -162.8
SRS2 45,0 (8D) -162.0 -141.2 N.A. -122.4 -155.4 -198.6 -197.1 -125.1 -173.3
SRS2 50,0 (6D) -160.6 -127.6 N.A. -123.9 -142.7 -199.8 -201.7 -132.5 -163.0
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Figure 7.3 a) SRS2 surface soil n-alkane and Cao HBI 8'°C values; b) SRS2 surface soil
n-alkane and C,o HBI oD values.

Biomass cover for the slough section of the freshwater marsh soil transect (SRS2)
was reported at an average density of 50 stems m?, including Utricularia, Nymphaea,
and Eleocharis. While periphyton average aerial cover was determined to be 40%., no
Caldium (average densities of Claidum about 0 stems m™ or roots m™~) was observed at
this site (Saunders et al., 2006). In contrast ridge type soils were covered dominantly by
Cladium with an average density of 60 stems m™ and 15 roots m™, and a limited presence
of Eleocharis (less than 5 stems m™). Only minor amounts of periphyton were observed
at the ridge site (less than 15% areal cover; Saunders et al., 2006). The 813C values of Cas,

C»7 and Cy9 n-alkanes and averaged 813C values increased along the slough-ridge transect,
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which also changed from longer to shorter hydroperiod conditions; higher to lower water
level and is likely coupled to changes in plant composition (Fig. 7.3a). From the plant
analyses (see Table 7.2), Utricularia, a slough type submerged plant, had the most
depleted 5"°C signal for n-alkanes, while Cladium, a primarily ridge type emergent plant
was the most enriched in °C. In addition, slightly different patterns along the transect
were observed for C,s n-alkane compared with C,9 n-alkane probably as a result of the
differences in relative abundance of mid-chain to long-chain n-alkanes between ridge and
slough plants (see Pag, Table 7.1 and 7.2). A similarly negative correlation between
water level and 8"°C for n-alkanes was also reported for a peatland study by Huang et al.
(2014).

It has been reported that sedimentary n-alkane 6D values can reflect biological
sources combined with environmental effects (Sachse et al., 2004; Chikaraishi and
Naraoka, 2006; Huang et al., 2006). In this study, n-alkane 8D values (concentration
weighted average) from surface soil samples range from -131.7%o to -166.9%o. This range
was within the 0D values measured from the plant survey (-103.9 ~ -258.7%o). If 6D
values of n-alkanes among non-woody plants living in the same location do not change
significantly, a slight 6D enrichment trend would be expected from slough to ridge
because of the higher evaporation (less water inundation time) for the relatively drier soil
conditions of the ridge samples. However, an opposite decreasing trend along this
transect (from slough to ridge) was observed (Fig. 7.3b). Generally C,s n-alkane 6D
values were significantly more enriched compared to those of the Cy9 n-alkanes, and a
consistent trend of more depleted 0D was observed for C,9 n-alkane. This trend was less

obvious for the Cys n-alkane. This relationship is suggested as the result of organic matter
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contributions from the significantly more depleted 6D values of n-alkanes derived from
Cladium. In addition, Cladium has significantly higher n-alkanes average concentration
(298 pg/gdw, n = 6) compared with Eleocharis, Utricularia, Nymphaea (30, 143, 128
pg/gdw, n = 6 for each plant species). Actually, variations of production of n-alkyl lipids
have also been suggested by Diefendorf et al. (2011) between plant functional type and
phylogeny. Moreover, Cy9 n-alkane is dominantly generated by Cladium compared with
other slough type of vegetation, while C,5 n-alkane is mainly derived from slough type of
vegetation along this transect. In other words, the effect of vegetation changes seems to
outweigh effect of evaporation, as previously suggested for other environmental settings
( Hou et al., 2008; Polissar and Freeman, 2010; Douglas et al., 2012; Nelson et al., 2013).
This observation has important implications for paleo reconstruction studies since in
many instances it is assumed that hydrogen isotope fractionations among different plants
(C3 vs. C4 or CAM, gymnosperm vs. angiosperm) are relatively minor compared to
environmental/climatic drivers (Sachse et al., 2004, 2006). However, as this study and
several others suggest this assumption may not always apply. Hou et al. (2007b) reported
that leaf wax 0D values can differ significantly among different plant types (terrestrial
trees vs. aquatic plants) even under the same precipitation conditions and environmental
regime. Pedentchouk et al. (2008) suggested that 3D and 5"°C values of sedimentary leaf
wax may also result from temporal shifts of plants distribution between angiosperms and
conifers as well as plants metabolic changes, instead of only from the paleoclimatic
changes. My results show that significant variability can be observed for wetlands plants
within a geographically specific environment. Thus caution must be taken for

paleoclimatic applications on the basis of sediment leaf wax 8D values, and regional
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proxy calibrations should ideally be performed to aid in the interpretation of paleo-
environmental data obtained from sedimentary n-alkane 6D values. Future studies,
especially those focused on modeling approaches (Gao et al., 2011), may provide better
ways to constrain source contributions through vegetation change in comparison with
environmental or climatic factors.

For 8"°C values of the Cyy HBI along the soil transect, they were consistently
more depleted by over 5-11%o relative to the corresponding long-chain n-alkanes for each
sample (P < 0.01). Their large depleted 8"°C values may suggest that C5y HBI-producing
organisms at least partially utilize recycled (°C depleted) CO, produced from the
decomposition of OM as their carbon sources rather than atmospheric (**C enriched) CO,.
A depletion trend was observed (R*> = 0.35) along the slough to ridge transect, which is
opposite to that observed for n-alkanes. Several factors could explain such a trend,
including (a) although C,y HBI was used as a marker for periphyton in the Everglades,
the biosynthesis of the Cy9 HBI is not limited to only one unique organism, which seems
to be supported by its ubiquitous distribution; (b) the Cyy HBI is biosynthesized by a
unique but widespread organism (e.g., cyanobacteria) who uses different carbon pools
with different hydroperiod, or the combination of both. The exact explanations for this
pattern remains undetermined and more research is needed to calrifyclarify this
observation.

For 6D values of the Cyp HBI (large concentration in all surface soil samples
because of high coverage of periphyton in Everglades wetland system), a slight trend of
isotopic enrichment was observed, which is opposite to the n-alkane 8D trend. Since this

biomarker in not produced by higher plants, and has been used as a marker for periphyton
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in the Everglades (Jaffé et al., 2001; Pisani et al., 2013), it could be a potential way to
trace environmental drivers such as hydroperiod without the influence of vegetation
change effects. Indeed, the 0D trend of the C,y HBI for the soil transect seems to be
consistent with the hydroperiod changes or water inundation patterns between ridge and
slough environments. This hypothesis will be further tested through sediment core

analyses and comparison with n-alkane trends below.

7.4.4  Isotopic (C and H) compositions of n-alkanes and C,y HBI in wetland soil cores
Leaf wax 8D and 8'"°C values, preserved in sediments, can be used to track past
precipitation history, hydrological changes, and primary productivity (Shemesh et al.,
1993; Gu et al., 1996; Liu and Huang, 2005; Pagani et al., 2006; Huang et al., 2007).
Depth profiles determined for the slough and ridge cores showed that the C,;-Cs,
n-alkanes have gradually enriched in 8'°C values with increasing depth by up to 5%o
(Table 7.5, 7.6, Fig. 7.4a, c). Similar general 8'3C enrichment trends were observed for
Cao HBI down both cores by up to 7%o. These 8"°C enrichments with depth have also
been reported in other soil core studies, where no change in C3 vs. C4 vegetation was
observed (Huang et al., 1996; Ficken et al., 1998; Seki et al., 2010). Several possible
factors can influence this enrichment including (a) relatively °C enriched CO, in the pre-
industrial past, (b) possible isotopic fractionation of n-alkanes during early diagenesis, (c)
vegetation shift and plant isotope fractionation changes driven by climatic variations and

hydrological change.
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Table 7.5 n-Alkane and C, HBI 8'°C and 8D values down SRS2 ridge core (N.A. means not analyzed).

Note: all mean n-alkane values reported are concentration weighted average values of odd n-alkanes from C;; to Cs;, when
reportable.

Ridge core 0dd n-
dep‘;gh alkanes Hgl nCa nCzs nCas nCyr nCo nCs; nCss
(mean)

0-3cm (8°C) 303 -385  N.A. =305 -283 298 295 316  -32.1
6-8cm (8"°C) 296 -394 303  NA. 282 =300 -30.1 N.A. NA.
8-10cm (8"°C)  -27.6 373 294 273 253 284 275 NA. NA.
10-12cm (8°C)  -272  -359 286 261  -27.0 268 277 NA. NA.
12-14cm (8"°C) -27.8  -363 295 268 277 277 274 NA. NA.
14-16cm (8°C)  -27.5  -348  -300 264 270 269 273 NA. NA.
16-18cm (8°C)  -272 359  -293 263 268 266 269 NA. NA.
18-20cm (8°C)  -26.7  -340 279 254 261 259 262  -285 NA.
20-22¢m (8°C)  -26.6  -32.3 =273 255 262 258 260 290 NA.
22-24cm (3°C)  -264  -33.0  -21.8 255 262 259 266 280  -31.0
24-26cm (8°C) -264 324 211 257 265 262  -265 281  -30.7

0-3cm (3D) -160.6  -127.6 N.A. -1239  -142.7  -199.8 -201.7 -132.5 -163.0
6-8cm (3D) -130.0 -131.1 N.A. -96.3 -114.0 -1748 -160.1 -104.6 N.A.

8-10cm (8D) -116.2  -127.5 N.A. -99.1 -94.0 -138.2  -126.6 -130.5 -109.0
10-12c¢m (8D) -132.0  -1359 N.A. -111.4  -126.1 -1569 -161.0 -111.0 -125.3
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12-14cm (3D)
14-16cm (0D)
16-18cm (3D)
18-20cm (0D)
20-22cm (3D)
22-24cm (D)
24-26¢m (dD)

-145.8
-130.7
-137.0
-136.9
-133.8
-131.1
-133.9

-145.7
-135.2
-135.8
-137.2
-132.2
-141.1
-138.6

N.A.

-133.5
-188.2
-175.5
-174.9
-184.0
-160.8

-113.3
-98.6

-98.5

-113.3
-107.3
-102.5
-116.1

-131.4
-108.4
-101.1
-99.1
-101.3
-98.1
-98.0

-161.2
-141.9
-116.6
-119.5
-128.5
-121.8
-165.1

-153.9
-142.0
-129.7
-134.4
-123.5
-126.2
-131.4

-156.0
-144.3
-153.6
-155.9
-152.0
-128.3
-130.6

-159.2
-146.0
-171.2
-160.4
-149.0
-156.9
-135.3
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Table 7.6 n-Alkane and C, HBI 8'°C and 8D values down SRS2 slough core (N.A. means not analyzed).

Note: all mean n-alkane values reported are concentration weighted average values of odd n-alkanes from C;; to Cs;, when
reportable.

Slough core Odd 7-
depﬂ% alkanes HZBOI nCy; nCs; nCys nCy; nCog nCs; nCss
(mean)

0-3cm (8°C) 311 =373 322 294 304 310 313 =323 NA.
3-6ecm (8°C)  -306 380 N.A.  NA. 300 -306 -31.1 N.A. NA.
6-9cm (8°C) 313 =379 322 297 292 294  -30.6 -324  -354
9-12em (8°C) 292  -37.8 NA. 290 291 287 299 NA. NA.
12-15cm (3"°C)  -29.7  -38.1 295 283 285 282  -285  -30.3  -34.6
15-18cm (8°C) -28.5  -374 285 277 284 279 281  -30.5 NA.
18-20cm (8'°C) -289  -379 282  -27.0 274 269 280  -29.8  -35.1
20-22cm (3°C) -27.8  -36.6  -279 257 259 256 269  -288  -33.7
22-24cm (8°C) -282  -350 261  -26.1  -265 259 274 294  -357
24-26cm (3°C) -26.7  -31.3  -245 245 250 244 257 284  -34.6

0-3cm (dD) -130.1  -141.2 N.A. N.A. -103.8  -111.3  -156.2 -151.9 -115.1
3-6 cm (0D) -1344  -134.6 -135.6 -1355 -105.7 -159.5 -142.6 -1249 -1373
6-9 cm (8D) -125.,5  -139.7 -140.7 -1129 -100.0 -127.3 -1287 -130.0 -139.0

9-12 cm (6D) -126.9 -149.7 -1342 -1182 -113.6 -126.7 -129.2 -128.8 -137.6
12-15¢cm (8D) -123.2  -1349 N.A. -106.8  -109.6  -126.3 -131.1 -1424 N.A.
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15-18cm (8D) -139.6  -140.5 -163.8 -141.8 -110.6 -132.2 -151.1 -1383 N.A.

18-20cm (8D) -1293  -150.6 -139.1 -116.5 -1149 -132.6 -139.0 -1459 -117.3
20-22cm (8D) -146.0  -149.8 -162.1 -139.2 -126.3 -130.5 -1423 -1379 -183.9
22-24cm (6D) -133.0 -152.4 N.A. -162.5  -149.1 -118.1 -1199 -1093 -121.0
24-26¢m (8D) -135.6  -141.8  N.A. -158.9  -127.3 -113.8 -129.8 -137.0 -143.7
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Figure 7.4 a) Ridge core n-alkane and C,y HBI §"°C value depth profile; b) Ridge core n-
alkane and C,y HBI 6D value depth profile; c) Slough core n-alkane and C,y HBI s13¢C
value depth profile; d) Slough core n-alkane and C,y HBI 6D value depth profile.
Note: all mean n-alkane values reported are concentration weighted average values of
odd n-alkanes from Cy; to Cs;, when reportable.

Pre-industrial 8"°C values were 1.3%o more enriched than presently because of
fossil fuel burning over the past 130 yr (Keeling et al., 1984). In addition, early

diagenesis associated with heterotrophic reworking of sedimentary organic matter can

possibly enrich the 8'°C of n-alkanes (Huang et al., 1996; Ficken et al., 1998; Chikaraishi
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and Naraoka, 2005; Seki et al., 2010). However, a 23 yr. Calluna vulgaris decomposition
experiment showed that no carbon isotopic fractionation was evident during early
diagenesis (Huang et al., 1997), despite a loss of over 90% of the mass of original long-
chain n-alkanes. Other studies also showed no significant difference in lipid §'°C values
during early diagenesis (Hayes, 1993; Freeman et al., 1994). Thus early diagenesis cannot
explain the large 8'°C variations reported here. Thus, the observed changes in 8°C may
be derived from changes in plant species successions (with potentially different 8'"°C
values) due to changes in environmental conditions (hydroperiod), changes in primary
productivity which also affected plant isotope fractionation, or a combination of both.

The 5"°C values of ridge core samples ranged from (-25.3 to -28.3%o), (-25.8 to -
30.0%0), (-26.0 to -30.1%0) for C,s, Cy7 and Cy9 m-alkanes, respectively (Table 7.5).
Concentration weighted average n-alkane 5"°C values range from -26.4 to -30.3%o (Table
7.5). Fig. 7.4a and 7.4b show the vertical profiles of organic geochemical indicators
across the ridge core clearly indicating an enrichment in 8"°C with depth. This trend is
also consistent with bulk carbon isotope data (which ranges from 25.6 to 28.5%o; and
increase with depth; data not shown). However, the rate of enrichment (change in slope;
Fig. 7.4a) is more significant for the upper soil samples (0 - 10 cm) compared with the
deeper soil layers (10 - 26 cm), and could be caused by a change in vegetation type from
Eleocharis (deeper soil) to Cladium (shallower soil). This proposed change is also
supported by higher Pag (~ 0.6 on averages) in the deeper soils and lower Pag in the
upper soils (~ 0.4 on averages) of the ridge core. The plants survey showed that Cladium
is generally more enriched in >C compared with the slough type vegetation (Eleocharis,

Utricularia, Nymphaea). If this is true, 8"°C enrichment would be expected for the upper
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soils, as was actually observed for the segment 8 - 10 cm. These data suggest that ~1960
AD, when the draining of the Everglades system started, a vegetation shift to Cladium as
the dominant plant species started under conditions ideal for high primary productivity.
However, the surface soils (0 - 8 cm) show a continued depletion in 3'°C likely as a result
of continued decrease in hydroperiod leading to a reduction in primary productivity of
Cladium at this site. This inferred change in hydrology can also be suggested from the
plants calibration for Cladium, where Cladium grow in shorter hydroperiod is more 8*C
depleted possibly because of the less primary productivity.

The 6D values of the ridge core samples ranged from (-94.0 to -142.7%o), (-116.6
to -199.8%o0), (-123.5 to -201.7%0) for the C,s, Cy7 and Cyg n-alkanes, respectively (Table
7.5). Concentration weighted average 6D values of C,;-C;; n-alkanes across this core
showed a range from -116.2%o to -160.2%o (Fig. 7.4b and Table 7.5). The observed large
dD variation (by 44.0%0) may be controlled by several factors, including shifts in
precipitation 0D values, changes in the evaporation of soil and leaf water, and/or
vegetation changes. Shifts in annual weighted precipitation 8D values (about 10%o) and
variations in the rate of evaporation of soil-water in the Everglades have been suggested
to be small (Price and Swart, 2006; Price et al., 2008). Thus, evaporation and
precipitation may not be the dominant drivers controlling the dD values variations
observed here. Considering of the large difference of 6D between Cladium (ridge type of
plants) and all other slough type of vegetation (Eleocharis, Utricularia, Nymphaea), the
oD data seem to justify the vegetation change.

For the slough core, n-alkane 8"°C values range from -25.0 to -30.4%o, -24.4 to -

31.0%o, -25.7 to -31.3%o for Cy,s, Cy7 and Cyg n-alkanes, respectively (Table 7.6, Fig. 7.4c¢).
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Concentration weighted average n-alkane 5"°C values range from -26.7 to -31.3%o (Table
7.6). The 5"°C enrichment by 4.6%o with increasing depth was also observed. This trend
is also consistent with the bulk carbon isotope result (range from -26.2 to -28.9%o,
enrichment with depth; data not shown). Depth vs. 8"°C correlations were found to be
significant for the n-alkane 8°C (R* > 0.7), and contrary to the ridge core, no obvious
slope changes were observed throughout the core. The observed pattern suggests that the
slough core site remained as a slough environment, regardless of the on-going changes in
hydrology of the system over the past several decades, which could also be partially
supported by the relatively higher Pag values and narrow Pag range (0.67 - 0.84)
throughout the slough core. However, the general negative depth vs. 8°C slope observed
would suggest a decreasing trend in the primary productivity of the slough vegetation
over time, probably induced by increasing water stress.

The 8D values of C,;-Cs; n-alkanes down this slough core show a relatively
narrow range (compare with ridge core) from -123.1%o to -146.0%o (Table 7.6, Fig. 7.4d).
This narrow range and no obvious trend of variation in 8D values for n-alkanes down the
slough core can also partially suggest a consistent dominant slough type of vegetation
and no obvious vegetation change to Cladium (ridge type of vegetation). Instead, the
variations within the narrow range of 8D values may record the overall effect of various
environment factors: 1) annual precipitation variation could be as high as 90 cm from the
reported 30 year mean precipitation value (1976 - 2005; Price et al., 2008); 2) different
proportion of precipitation between wet and dry seasons; 3) different water source usage
with different 8D values: precipitation (-10.59%o), surface water (3.34%o0) and ground

water (-0.50%o) (data reorganized from Price and Swart, 2006); 4) different evaporation
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conditions between wet and dry seasons, such as higher rainfall in wet season may lead to
D depletion in the plant leaves as a result of the diminished effect of evaporative
enrichment. Unfortunately, quantify the influence of each of these environmental factors
for the final combined n-alkane 8D change is difficult.

The 8"°C values of C,o HBI down the ridge and slough cores ranged from -39.4 to
-32.4%o, -38.1 to -31.3%o, respectively, which are also constantly more depleted (P < 0.01
for both cores) by over 6 - 10%o relative to the corresponding long-chain n-alkanes for
each sample of both ridge and slough cores. Similar with n-alkanes, "°C values of Cy
HBI were more enriched in the deeper sections of both cores, which could be explained
by factors (a) relatively °C enriched CO, in the pre-industrial past (b) possible isotopic
fractionation of C,y HBI during early diagenesis, and possibly some other unknown
factors. The oD values of the Cyy HBI measured throughout this study range from -153.2
to -127.6%0 (n = 32), which is within the range of concentration weighted average n-
alkane 8D values (-166.9 to -116.2%o, n = 32), and no significant difference was found (P
= (0.80) compared with that of n-alkanes. A similar result was reported by Aichner et al.
(2010), where dD values of Cyy HBI in a core from the Tibetan Plateau were measured,
showing a variability of about 12%o (ranging from -184%o to -172%0) and with no
significant differences compared with the corresponding n-alkanes. However, with
regards to the Everglades slough and ridge cores, average oD values of odd n-alkanes
were -132.4%0 and -135.2%o, for slough and ridge respectively, while C,y HBI 6D
averaged values across the same two cores were -143.5%0 and -135.3%o, respectively.
Significantly larger difference in D was recorded for the C,o HBI (P < 0.01) compared

to those of the n-alkanes between these two cores. I hypothesize that these 6D changes of
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C,o HBI are related to changes in hydroperiod, since vegetation change should not affect
this parameter. In agreement with this hypothesis, the average C,o HBI 6D across ridge
core (-135.3%0) was more enriched compared with that of the slough core (-143.3%o),
consistent with the evaporation/water inundation differences between the two cores. In
addition, the C,y HBI oD did not show a clear trend down the slough core (Fig. 7.4d),
which suggest that this site maintained a general slough environment throughout the time
period represented in the core, regardless of a reduction in overall hydroperiod. Changes
throughout the core could also be related to variations in precipitation for different time
periods. For the ridge core (Fig. 7.4b), a similar distribution was observed for the time
period prior to ~AD 1900 (12 cm and deeper). However, after ~AD 1900, which
coincides with initial hydrological changes in the Everglades, the average oD values of
the Cyo HBI (0 - 12 cm) are significantly more enriched compared with that of samples
before ~AD 1900 (12 — 26 cm) (P < 0.05). While the general trends observed for the D
in the Everglades soil cores seem to agree with the hydroperiod decrease, the application

of Cyo HBI specific 8D needs more future study.

7.4.5 Net “apparent” isotopic fractionation and its application in sub-tropical wetland
ecosystem

On the basis of annual weighted average 8D values of precipitation (-10.59%o) at

both locations (SRS2 and TSPh2; Price and Swart, 2006), averaged € alkanc/water Was

calculated (following equation 1) for my surveyed wetland plants: Cladium (~ -240.3%o),

Eleocharis (~ -102.7%o), Utricularia (~ -113.4%0), Nymphaea (~ -105.3%o). From a

global survey by Liu et al. (2008, and references therein), the plants &,.akane/water range
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from -210 ~ -70%0 sampled from similar sub-tropical areas (latitude 20 ~ 30 °N) in the
world. Except for Cladium, which is about 30%. more depleted, all other plants studied
are within this previously reported range. However, the precipitation 6D used for
calculating &,.aikane/water by Liu et al. (2008) was from the 2000 International Atomic
Energy Agency and the World Meteorological Organization (IAEA/WMO) data, which is
approximately -30%o and thus 20%o depleted compared with averaged measured values of
-10.59%o for my calculation). Considering this, Cladium measured here showed to be just
slightly more depleted (approximately 10%.) compared with the most depleted
fractionation from other sub-tropical vegetation globally. This observation is not that
surprising considering large difference observed in €.akanewater €ven within the same
location.

The hydrogen isotopic fractionation between environmental surface water and
surface soil (wet prairie/slough soil and sawgrass marsh/ridge soil) for the n-alkanes was
assessed as ranging from -158.0%0 to -120.7%.. This estimated hydrogen isotopic
fractionation in these wetland soil samples is higher than the &,.aikaneiwater (-160%0)
between n-alkanes and algae uptake water (Huang et al., 2004; Sachse et al., 2006).
Therefore I suggest that there may be an enrichment of environmental water 6D by up to
2 to 39.3%0 because of the evapotranspiration either at the interface between air and soil
or within the plant leaf, or both in this area. Seki et al. (2010) reported environmental
water 0D enrichment range from (15 - 40%o) for a forest soil and no water dD enrichment
for a wetland soil located in northern Hokkaido, Japan (about 44 °N, 142 °E). My
calculated environmental water 6D enrichment range (2 - 39.3%o) is similar compared

with that of forest soil but much higher compared with that of wetland from Seki et al.

226



(2010). The difference between the wetland study sites is probably because of higher
evapotranspiration for the Everglades wetland soil (about 25 °N, 81 °E) due to higher
annual temperature and limited seasonal contrast when compared to more temperate
climates (wet and dry seasons only). Additional factors that could potential cause this
difference include plant morphology and/or plant physiology. The specific role of these
other factors were further explored by the global plants calibration results from Liu et al.
(2008), where a general negative correlation was found between plants €, aikane/water and

latitude (without considering the woody plants living in the area > 60 °N).

7.5 Conclusion

This work documents a multi-proxy approach including biomarkers (especially
Paq) and n-alkanes and C,y HBI based compound-specific 5"°C and 8D values applied to
assess ecohydrological changes in the subtropical wetland system of the Florida
Everglades. The 8'°C values were observed to be mainly controlled by organic matter
inputs from dominant plant types (ridge vs. slough; emergent vs. submerged), while
changes in primary productivity determined by changes in hydroperiod were also
suggested. The relationship between hydroperiod and carbon isotope values could be
additional evidence of plant type change for paleo-reconstructions. On the other hand,
compound-specific dD values for emergent and submerged wetland plants were
suggested to be strongly affected by vegetation type (ridge vs. slough) and to a less extent
by water use efficiency, and hydrological parameters such as precipitation and associated
hydroperiod characteristics. This study also demonstrates that caution has to be taken

when applying n-alkane 8°C and 8D for paleo reconstruction because of the fact that
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their values could be significant different for wetland vegetation (non-woody C3 plants)
living in similar locations spatially (i.e. ridge vs. slough), but subjected to variations in
hydrology and associated conditions controlling primary productivity. The application of
n-alkane 8"°C and 8D values for deciphering paleo-hydrology in wetlands calls for further
examination of larger scale of plant-soil relationships under different hydrological
conditions, nutrient levels and climatic conditions. Additional tools such as pollen and
plant fossil analyses may be needed to better constrain calibrations for paleohydrological

assessments.
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CHAPTER VIII

GENERAL CONCLUSTION AND REMARKS
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Freshwater wetlands and estuarine ecosystem are recognized as important
components of the global carbon cycle because they can generate, accumulate and/or
export significantly amounts of OM to the oceans. However, much of the OM generated
in freshwater/coastal wetlands and estuarine ecosystems can also be recycled internally.
Thus, understanding OM dynamics of these ecosystems is important to constrain local
carbon budgets and to assess carbon cycling on a global scale. The Everglades, a sub-
tropical coastal wetland, provides an excellent system for examining OM dynamics in
both freshwater and estuary ecosystem. The Everglades is characterized among others by
its unique hydrological features which have shaped the landscape of this ecosystem.
Significant deposits of OM in the form of peat have been affected by long-term, man-
made changes in freshwater delivery, both quantity and quality. As such, this is an ideal
ecosystem to test how hydrological changes can affect OM dynamics.

Formation, preservation and transport of OM in soils and sediments in the
Everglades are critical for its sustainability, especially the soil topography and landscape.
This information is critical especially during the implementation of the Comprehensive
Everglades Restoration Plan (CERP) as hydrological processes are important divers in
the origin, transport and fate of OM. Thus, OM dynamics as induced by hydrological
changes in the greater Everglades was studied though various organic geochemistry
techniques, especially biomarkers and compound specific 8"°C and 8D isotope analysis.

Biomarkers were applied to assess the OM dynamics in the Everglades freshwater
wetlands and Shark River Estuary. A three end-member model, including freshwater,
estuary and marine end-members, was constructed using specific biomarkers to assess

different POM source input across the Shark River Estuary. The dominant POM source
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along the Shark River estuary was found to be derived from the mangroves, which
contribute in excess of 70% to the whole POM pool. Mangrove derived POM export

from the Shark River estuary to the Gulf of Mexico was estimated as 9.2 %10°to 1.8 x

10° kg POM/yr, and is about the same magnitude of the reported DOM export from
mangroves at the same estuary. This similar magnitude export for both POM and DOM
from mangroves was also reported in some other site-specific studies, which could call
further studies. As CERP is implemented and water delivery to the Shark River is
enhanced, this background information may become important in assessing potential
changes in POC export in this sytem.

In the freshwater wetland of Everglades, POM is mostly found as a form of floc,
which due to its unconsolidated nature may become mobilized through enhanced flow.
One of CERP’s objectives is to re-create the ridge and slough landscape that has been lost
in several hydrologically impacted regions of the Everglades. As such, assessing floc
transport and redistribution is critical. Using biomarkers as proxies for ridge and slough
floc POM it was found that the great majority of collected floc (80% or more; POC traps)
was derived from slough environments under natural water flow conditions. It is expected
that under higher flow conditions (CERP implementation) this slough-derived floc will
become deposited on ridges and help re-establish the original marsh landscape in the
Everglades.

OM dynamics are linked to various environmental parameters including biomass
cover, primary productivity, vegetation type, water quality and hydrological conditions.
Thus, in order to better predict the response of the Everglades to the future environmental

changes by restoration efforts, it’s important to have better understanding of how the
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historical hydrology changes in the Everglades have affected vegetation successions.
Biomarkers and compound specific isotopes from wetland soil cores were applied to test
their applicability for paleo-hydrology and paleo-vegetation reconstruction in the
Everglades freshwater wetlands. These geochemical proxies were successfully applied,
and a general vegetation shift was confirmed during last few decades as hydroperiod was
reduced in ENP due to changes in water delivery. Thus, the combination of biomarkers
and stable isotopes can aid in the assessment of CERP-induced changes in OM dynamics
in the future. Overall, biomarkers were found to be excellent proxies for biomass-specific
OM in the Everglades, and as such further enhancing the existing database for such
molecular markers in this ecosystem was attempted. This included the identification of
unique molecular distributions of mono-methyl alkanes and biomarkers specific to
cattails.

A variety of organic geochemical tools needed to assess OM dynamics in the
Everglades have been tested and found to properly assess diverse processes affecting this
ecosystem. As such, they can be applied to monitor the success of the CERP
implementation process in years to come. However, many aspects still remain to be better
understood and constrained. One example is the lack of molecular tools to properly
quantify OM pools in wetland soils derived from above- or below-ground biomass. Thus,
further studies are required in order to better predict the response of the Everglades OM

dynamics to CERP.
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Appendix 6.1 n-Alkane concentrations, distributions and average 8'"°C and 3D values across all studied plant leaves.

Note: n (SD) means “number of separate samples (standard deviation)”, average 8'°C and 8D values means concentration
weighted average of odd n-alkanes (n-C,; to n-Css), N.A. standards for not accessible.

Species (leaves or stems) Zlokt:IIlSS n(SD) Pag n(SD) ACL n(SD) 8“°C n(SD) &D n(SD)
(ng/gdw)

Taxodium distichum 6.7 1 0.17 1 29.15 1 -24.2 1 N.A. 1
Pinus elliottii 7.6 1 0.20 1 29.56 1 -31.8 1 N.A. 1
Blechnum chilense 3.5 1 0.05 1 28.31 1 -31.1 1 -89.6 1
Osmunda regalis 61.5 1 0.05 1 28.66 1 -32.7 1 -97.8 1
Magnolia virginiana 251.6 2 (158.0) 0.12 2(0.04) 2798 2(0.19) -35.6 2(2.7) -90.0 2(9.0)
Magnolia virginiana 1 139.9 0.15 27.85 -37.5 -81.0
Magnolia virginiana 2 363.4 0.09 28.11 -33.7 -99.0

Annona glabra 88.3 6(78.9) 0.09 6(0.07) 28.53 6(0.75) -33.2 3(1.5) -86.9 3(6.7)
Annona glabra 1 43.8 0.04 28.99 -31.9 -93.2

Annona glabra 2 42.5 0.06 29.14 -34.8 -79.8

Annona glabra 3 56.6 0.02 29.52 -32.9 -87.7

Annona glabra 4 32.8 0.22 27.96 N.A. N.A.
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Annona glabra 5
Annona glabra 6
Persea borbonia
Myrica cerifera
Mpyrica cerifera 1
Myrica cerifera 2
Salix Caroliniana
Salix Caroliniana 1
Salix Caroliniana 2
Salix Caroliniana 3
Chrysobalanus icaco
Cephalanthus occidentalis

Cephalanthus occidentalis
(flower)

Typha latifolia
Typha latifolia 1

Typha latifolia 2

237.1

117.0

29.6

77.5

70.3

84.6

214.0

88.8

365.6

187.5

473.2

281.0

254.7

153.0

109.0

109.0

1

2 (10.1)

3(76.1)

0.10

0.11

0.21

0.00

0.00

0.00

0.10

0.19

0.08

0.03

0.00

0.01

0.50

0.13

0.16

0.17
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1

2 (0.00)

3 (0.08)

3 (0.06)

27.78
28.18
28.72
30.78
30.75
30.80
28.30
27.90
28.44
28.57
29.72

29.24

27.47

28.26
28.00

28.28

1

2 (0.07)

3(0.36)

3(0.25)

N.A.

N.A.

-33.1

-31.8

-29.8

-33.9

-31.5

-34.8

-30.1

-29.5

-37.8

-31.8

-34.2

1

2(2.9)

3(2.3)

N.A.

N.A.

-105.9

-94.1

-95.2

-92.9

-93.6

-91.5

-90.2

-99.2

=717

-85.0

-72.2

1

2 (1.1)

2 (4.8)

1

360 3(1.1) -1254 3(7.1)

-34.8

-36.8

-132.9

-124.3



Typha latifolia 3
Typha domingensis
Typha domingensis 1
Typha domingensis 2
Typha domingensis 3

Typha domingensis 4

Typha domingensis (flower)

Cladium jamaicense

Cladium jamaicense 1
Cladium jamaicense 2
Cladium jamaicense 3
Cladium jamaicense 4
Cladium jamaicense 5
Cladium jamaicense 6
Cladium jamaicense 7

Cladium jamaicense 8

240.9

23.0

31.2

253

11.6

23.8

198.3

233.1

77.0

129.6

883.6

244.0

2554

237.3

76.3

92.5

0.06
4(8.2) 023
0.21
0.13
0.18
0.39

0.87

4(0.11)

28.51

27.92

27.91

28.13

27.99

27.66

26.30

12 (221.3) 0.24 12 (0.11) 27.71

0.34

0.12

0.43

0.41

0.30

0.15

0.17

0.18
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27.33

27.95

27.25

27.26

27.61

27.81

27.94

27.95

4 (0.20)

12 (0.32)

-36.5
-33.0
-34.3
-35.1
-30.7
-32.0
-30.8
-31.9
-34.2
-32.0
-31.4
-31.4
-30.3
-30.6
-30.0

-33.3

4 (2.0)

13 (1.5)

-118.9

-137.5

-149.8

-144.4

-130.5

-125.2

-102.2

-231.1

-229.7

-271.3

-203.4

-225.8

-202.8

-198.3

-261.3

-243.9

4 (11.5)

11 (25.9)



Cladium jamaicense 9 169.6 0.20 27.91 -32.7 -239.5

Cladium jamaicense 10 76.0 0.20 27.77 -32.7 -234.7
Cladium jamaicense 11 241.7 0.15 28.01 N.A. N.A.

Cladium jamaicense 12 314.0 0.24 27.70 N.A. N.A.
Eleocharis cellulosa 28.0 10 (22.0) 0.47 10 (0.18) 27.75 10 (1.08) -34.0 10 (2.5) -113.5 6 (8.7)
Eleocharis cellulosa 1 26.6 0.65 26.97 -32.7 -126.7
Eleocharis cellulosa 2 19.5 0.54 27.20 -29.3 -118.9
Eleocharis cellulosa 3 42.9 0.68 26.73 -36.0 -104.7
Eleocharis cellulosa 4 7.8 0.29 27.78 -36.1 -116.5
Eleocharis cellulosa 5 4.0 0.52 27.24 -34.4 -105.4
Eleocharis cellulosa 6 13.2 0.15 30.74 -33.9 -108.5
Eleocharis cellulosa 7 22.8 0.16 29.51 -36.0 N.A.
Eleocharis cellulosa 8 493 0.58 27.01 -34.9 N.A.
Eleocharis cellulosa 9 75.9 0.61 26.97 -33.0 N.A.
Eleocharis cellulosa 10 17.6 0.53 27.41 N.A. N.A.
Nymphaeaceae sp. 76.7 7(67.3) 0.65 7(0.19) 27.19 7(0.84) -32.2 7(1.0) -120.0 6(11.7)
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Nymphaeaceae sp. 1
Nymphaeaceae sp. 2
Nymphaeaceae sp. 3
Nymphaeaceae sp. 4
Nymphaeaceae sp. 5
Nymphaeaceae sp. 6
Nymphaeaceae sp. 7
Nymphaeaceae sp. 8
Utricularia foliosa

Utricularia foliosa 1
Utricularia foliosa 2
Utricularia foliosa 3
Utricularia foliosa 4
Utricularia foliosa 5
Utricularia foliosa 6

Utricularia foliosa 7

132.7

93.3

201.8

31.7

41.9

10.9

24.6

76.8

99.8

204.2

149.1

102.9

54.5

123.8

57.8

85.4

8 (57.1)

0.62

0.56

0.64

0.82

0.78

0.68

0.25

0.86

0.65

0.71

0.74

0.73

0.74

0.40

0.71

0.45
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8 (0.13)

27.17

27.12

27.15

27.08

27.12

26.12

28.71

27.02

27.05

26.80

26.96

26.90

26.90

27.52

26.77

27.56

8 (0.28)

-32.7

-31.7

-31.1

-32.4

-34.0

-32.6

-31.1

N.A.

-38.8

-38.7

42.4

-38.7

-37.9

-38.8

-35.5

-38.8

-139.0
112.8
-125.8
-123.5
-108.9
-110.0
N.A.
N.A.
8(2.2) -116.0
-128.8
_123.4
1189
1167
-126.1
-100.1

-104.8

8 (9.0)



Utricularia foliosa 8
Utricularia Purpurea
Utricularia Purpurea 1
Utricularia Purpurea 2
Utricularia Purpurea 3
Bacopa caroliniana
Bacopa caroliniana 1
Bacopa caroliniana 2
L. racemosa

L. racemosa 1

L. racemosa 2

L. racemosa 3

L. racemosa 4

L. racemosa 5
Avicennia germinans

Avicennia germinans 1

20.9

114.1

113.8

122.2

106.3

72.8

29.4

116.2

114.8

59.8

154.2

152.7

60.9

82.0

77.8

95.1

3(34.2)

2 (61.4)

6(53.1)

3(15.3)

0.76

0.78

0.77

0.72

0.85

0.49

0.54

0.45

0.08

0.06

0.08

0.13

0.06

0.06

0.23

0.26
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3 (0.10)

2 (0.06)

6 (0.03)

3(0.02)

27.01

26.51

26.53

26.66

26.35

28.46

28.07

28.86

28.29

28.69

28.12

28.02

28.36

28.28

29.63

29.44

3(0.51)

2 (0.56)

6 (0.26)

3(0.17)

-39.2

-35.9

-36.9

-34.9

N.A.

-31.1

-32.0

-30.3

-37.2

-37.1

-38.3

-38.1

-34.1

-36.2

-35.7

-34.8

-108.9
3(1.4) -119.9
-123.8
-115.9
N.A.
2(12) -122.8
-113.3
-129.9
6(1.7) -137.9
-123.6
-135.0
-135.0
-152.5
-156.3
3(0.9) -167.9

-162.8

2 (5.6)

2 (10.0)

6 (13.8)

3 (8.86)



Avicennia germinans 2
Avicennia germinans 3
Rhizophora mangle
Rhizophora mangle 1
Rhizophora mangle 2
Rhizophora mangle 3
Rhizophora mangle 4
Rhizophora mangle 5
Rhizophora mangle 6
Syringodium filiforme
Halodule wrightii

Halophila decipiens

72.6

65.9

58.7

69.6

61.4

41.5

95.1

47.1

353

88.1

372.5

2.1

7(20.1)

1

0.22

0.22

0.10

0.06

0.08

0.04

0.26

0.10

0.04

0.97

0.95

1.00

7(0.08)

29.68

29.77

29.31

28.69

29.04

29.50

29.44

29.61

29.56

25.57

25.65

25.25

7(0.36)

1
1

1

-36.6

-35.8

-37.9

-37.1

-38.4

-37.7

-38.9

-38.5

-36.6

-14.2

-14.9

-16.7

-178.2

-162.8

7(0.9) -129.7

1

1

-126.2

-126.9

-128.7

-129.9

-131.2

-130.7

-88.0

-84.7

N.A.

7(2.30)

1

1
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